Domestic animals have played a key role in human history. Despite their importance, however, the origins of most domestic species remain poorly understood. We assessed the phylogenetic history and population structure of domestic goats by sequencing a hypervariable segment (481 bp) of the mtDNA control region from 406 goats representing 88 breeds distributed across the Old World. Phylogeographic analysis revealed three highly divergent goat lineages (estimated divergence >200,000 years ago), with one lineage occurring only in eastern and southern Asia. A remarkably similar pattern exists in cattle, sheep, and pigs. These results, combined with recent archaeological findings, suggest that goats and other farm animals have multiple maternal origins with a possible center of origin in Asia, as well as in the Fertile Crescent. The pattern of goat mtDNA diversity suggests that all three lineages have undergone population expansions, but that the expansion was relatively recent for two of the lineages (including the Asian lineage). Goat populations are surprisingly less genetically structured than cattle populations. In goats only Ϸ10% of the mtDNA variation is partitioned among continents. In cattle the amount is >50%. This weak structuring suggests extensive intercontinental transportation of goats and has intriguing implications about the importance of goats in historical human migrations and commerce.
D
omestic goats (Capra hircus) might have played a central role in the Neolithic agricultural revolution and the spread of human civilizations around the globe (1, 2) . The origins of domestic goats remain uncertain and controversial, but archaeological evidence suggests that they were probably first domesticated in the Fertile Crescent region of the Near East Ϸ10,000 years ago (YA) (1) (2) (3) (4) (5) . Some studies hint that a second domestication in Pakistan could have given rise to the cashmere breeds (2, 6) . Others suggest that at least two wild species of Capra (7) could have contributed to the gene pool of domestic goats (8) . This seems possible in light of the enormous morphological diversity among the more than 300 goat breeds (2) . Goats are the most adaptable and geographically wide spread livestock species, ranging from the mountains of Siberia to the deserts and tropics of Africa. They are the main economic resource in numerous developing countries, and are growing in economic importance in western countries (2) .
To help understand the phylogenetic history of goats, we sequenced the first hypervariable segment (HVI) of the mtDNA control region of 406 goats originating from 44 countries throughout Europe, Asia, Africa, and the Middle͞Near East. To estimate the time since divergence of the mtDNA lineages, we sequenced the entire cytochrome b gene in six goats. We then compared the geographic patterns of HVI variation in goats to the patterns in cattle by using published data (9, 10) . Our objectives were to (i) assess the maternal origins of domestic goats and (ii) estimate levels of gene flow among goat populations to infer the importance of goats in historical human commerce and population movements. These objectives are addressed in light of recent publications in both archeozoology and molecular genetics of the four main livestock species [cattle (9, 10) , sheep (11) , pigs (12) , and goats].
Methods
Sampling and DNA Extraction. Our extensive sampling spanned most of the Old World distribution of goats from Nigeria to Iceland and Mongolia to Malaysia, including potential centers of domestication [e.g., Turkey, Egypt, Jordan, Iraq, and Pakistan (see Table 3 , which is published as supplemental data on the PNAS web site, www. pnas.org)]. We sampled only pure indigenous goats from small remote villages and excluded research centers, large cities, and coastal harbors where recent international shipping of goats is possible. Fourteen wild Capra individuals were sampled, including representatives of all major taxa, to use as outgroups. Blood or skin biopsies were collected and stored for 6-12 months at Ϫ20°C or in 95% ethanol (respectively) before DNA extraction. DNA was extracted by using standard commercial kits (Qiagen tissue and blood kits, Chatsworth, CA).
Sequencing. We sequenced the HVI of the mtDNA control region because it has proven informative for inferring the history of humans and domestic animals (9-11, 13, 14) . The primers CAP-F (5Ј-CGTGTATGCAAGTACATAC-3Ј) and CAP-R (5Ј-CTGATTAGTCATTAGTCCATC-3Ј) were used to amplify a 579-bp DNA fragment (this value excludes insertions͞dele-tions). PCR amplifications were conducted in a 25-l volume containing 2.5 mM MgCl 2 , 200 M of each dNTP, 1 M of each primer, and 1 unit of AmpliTaq Gold Polymerase (Applied Biosystems). The PCR mixture underwent 35 cycles of 30 s at 95°C, 30 s at 50°C, and 1 min at 72°C. PCR products were purified by using the Quaquick PCR columns (Qiagen). We then sequenced a 481-bp segment of the PCR products by using two ''internal'' primers CAP-FI (5Ј-TCCATATAACGCGGA-CATAC-3Ј) and CAP-RI (5ЈATGGCCCTGAAGAAAGAAC-3Ј). All sequences were obtained for both DNA strands by using the ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems) in a 20-l volume containing 40-50 ng of purified DNA, and 3.2 pmol of primer. Sequencing reactions underwent 25 cycles of 30 sec at 96°C, 30 sec at 58°C, and 4 min at 72°C on a thermocycler (PE 2400, PE 9600, or PE 9700; Perkin-Elmer). Excess dye terminators were removed by spin-column purification. Sequencing reactions were electrophoresed for 6 h on an ABI 377 PRISM DNA sequencer (Applied Biosystems) in a 5% Long Ranger gel (FMC).
The 1,140 bp of cytochrome b (mtDNA) was sequenced for two goats arbitrarily chosen (with different control region sequences) from each divergent lineage (C. hircus lineages A-C) by using the primers L14724V (3Ј-ATGATATGAAAAAC-CATCGTTG-5Ј) and H15915V (3Ј-TCTCCTTCTCTGGTT-TACAAGAC-5Ј). PCR was conducted as for HVI except the same primers were used for the initial PCR and sequencing under the following reaction conditions: 35 cycles (or 25 for sequencing) of 30 sec at 95°C, 30 sec at 55°C, and 2 min at 72°C. The two domestic sheep (Ovis aries) sequences were obtained from two independent studies listed in GenBank (accession nos. AF034730 and X56284).
Data Analysis. Neighbor-joining trees, as well as UPGMA (unweighted pair group method using arithmetic averages) and maximum likelihood trees, were constructed by using PAUP* software, Version 0.64d. Following Wakeley (15) , heterogeneity in substitution rates among branches was modeled for goat HVI by using a gamma distribution. The alpha shape parameter of the gamma distribution was estimated by a maximum-likelihood method from a set of 35 wild and domestic goats by using PAML software, Version 1.3b (16) , under the Kimura 2-parameter substitution model (17) . We observed substantial heterogeneity in substitution rates among nucleotide sites (alpha 0.29), as has been observed for HVI in other mammals (10, 13, 14) . The hierarchical components of mtDNA variation were computed under the AMOVA (Analysis of Molecular Variance) framework (18) by using ARLEQUIN software, Version 1.1 (http:͞͞ anthropologie.unige.ch͞arlequin). The AMOVA procedure incorporates both the estimated divergence between sequences and the frequencies. Between the domestic and wild Capra (used as out groups), we detected only four and two insertions͞deletions of one bp and two bp, respectively; the remaining polymorphisms were single nucleotide substitutions.
Phylogenetic trees (maximum parsimony and neighbor joining) group the goat cytochrome b sequences into the same three clusters (C. hircus A-C) identified by the control region HVI sequences in Fig. 1 . A molecular-clock likelihood-ratio test (for heterogeneity in substitution rates) was carried out by using the six goat and two sheep cytochrome b sequences analyzed for the 380 nucleotides at third codon positions (i.e., synonymous positions unlikely to be under selection). The test was not significant (P Ͼ 0.05), allowing us to use the amount of divergence between sheep and goat sequences to estimate the approximate time to the most recent ancestor (TMRCA) of the three goat lineages. Using five or seven million YA as the divergence between sheep and goats (19, 20) , we estimate a TMRCA for domestic goat genes of roughly 201,380 years or 281,932 years. All sequences were deposited in GenBank (accession nos. AJ317533-AJ317875).
Results and Discussion
The control region sequences were highly polymorphic: 160 variable sites defined 331 mitochondrial types in domestic goats. Most mutations were single nucleotide substitutions. Only three insertions͞deletions of one, two, and 76 nucleotides were detected in three, two, and two different sequences, respectively. The ratio of transitions to transversions was high (17͞1), as has been observed for the HVI segment of mtDNA in cattle and humans (9, 10, 13) .
Goat Origins and mtDNA. Phylogenetic analysis revealed three highly divergent goat mtDNA lineages comprising 316, eight, and seven mtDNA types, respectively (Fig. 1, C. hircus A-C). The three distinct lineages could be interpreted as evidence for either (i) three separate maternal origins from genetically distinct populations, or (ii) one origin from an extremely large population containing three highly divergent lineages.
An argument for a single origin is that the three goat lineages appear to be monophyletic (Fig. 1) . If three distinct wild Capra populations had been domesticated, we might expect a paraphyletic tree in which some of the sequences from wild Capra are clustered between the three domestic goat lineages (C. hircus A-C). However, this argument is not convincing, in part because many of the likely progenitor populations of wild Capra are now extinct (7), as for cattle, and thus cannot be sampled. Furthermore, it is unlikely that such divergent lineages have evolved from a single ancestral population, because the population would have had to be extremely large to maintain lineages that were divergent enough to have given rise to the highly divergent contain only eight and seven mtDNA types (found in 25 and 11 individuals, respectively). C. hircus B was detected only in eastern and southern Asia. C. hircus C was found in Mongolia, Switzerland, and Slovenia (Fig. 2) . Numbers on branches are the percent of 2,000 bootstrap trees with the same branch structure. Only bootstrap values Ͼ70 are given. The wild taxon with sequences most similar to domestic goats is Capra aegagrus (61.3 substitutions, on average, using the gamma-corrected distance). The second most similar taxon is Capra cylindricornis (84.5 substitutions; see Table 4 , which is published as supplemental data on the PNAS web site, www.pnas.org). It is not surprising that some wild taxa appear to be paraphyletic because (i) the taxonomy of Capra is very poorly understood and erroneous taxonomic classifications are possible (7), (ii) paraphyly has been reported (33, 34) , and (iii) intertaxon hybridization is possible (23) and is thought to occur in Daghestan where our (paraphyletic) samples originated.
lineages found in goats today. The size of the ancestral population that would be necessary to have given rise to the three divergent lineages is Ϸ38,000-82,000 reproductive females, assuming a 2-3 year generation length and assuming that domestication occurred Ϸ10,000 YA (see Supplemental Text, which is published as supplemental data on the PNAS web site, www. pnas.org). Goat domestication is highly unlikely to have been much before 10,000 YA according to the comprehensive archeological record (see below and Table 1 ).
On the other hand, four lines of evidence support the hypothesis of multiple maternal origins. First, the C. hircus B lineage ( Fig. 1 ) was detected only in eastern and southern Asia (Mongolia, Pakistan, India, and Malaysia; Fig. 2 ), and not in Europe, Africa, or the Middle͞Near East where sampling was extensive (including 314 individuals from 63 breeds and 36 countries). This lineage is likely to have arisen in Asia. It is unlikely that all three lineages had a single geographic origin (say, in the Fertile Crescent) and that the B lineage spread to eastern Asia, leaving no trace in other parts of the world. It is indeed unlikely that this lineage would have disappeared via chance (drift) from the Fertile Crescent region, because early domestic populations were expanding, and drift is limited during population expansions. It is therefore more likely to have arisen in Asia.
Second, the time since divergence among the three domestic goat lineages (C. hircus A-C) vastly predates the time of domestication suggested from the fossil record. We estimated the divergence time of the goat lineages by sequencing the entire mtDNA cytochrome b gene from two goats from within each lineage and then by calibrating the rate of substitution for the gene (at the third position of codons) by comparing the goat and sheep sequences. Sheep and goats diverged Ϸ5-7 million YA, according to the ungulate fossil record (19, 20) . The estimated distance between goat and sheep sequences at the third codon position was 0.536 substitutions per site, giving an estimated rate of 0.038-0.054 substitutions per site per million years, when using 7 and 5 million years, respectively, as the divergence time. When using this calibration, the most recent common ancestor (i.e., origin) of the domestic goat lineages dates to between Ϸ201,380 and 281,932 YA. This is long before the estimated domestication time (Ϸ9,000-13,000 YA) suggested by the fossil records for all farm animals and plants that have been domesticated in the Old World (1) (2) (3) (4) (5) . This estimated divergence time is similar to that (Ϸ200,000 YA) estimated for the two cattle mtDNA lineages that are generally accepted to have originated from two independent domestications (9, 10). Therefore, these data suggest that the three goat lineages arose from genetically discrete populations rather than from a single wild population.
Third, recent mtDNA studies in each of the other major farm animals (cattle, sheep, and pigs), have also revealed multiple highly divergent lineages, with one existing only or primarily in southern or eastern Asia (9) (10) (11) (12) . This implies a possible Asian center of origin, in addition to the center(s) in the Fertile Crescent (1-5). These results lend support to the hypothesis of multiple genetic origins of goats, and they suggest that multiple maternal origins are a general theme among domestic livestock species.
Fourth, most recent archaeological data are consistent with at least two (and possibly up to five) distinct places for domestication of goats (Table 1) . Goats were actually kept in captivity in the southern Turkish region of the Euphrates valley Ϸ11,000 YA, as revealed at Nevali Ç ori (4). The appearance of domestic Table 3 , which is published a supplemental data.
goats Ϸ10,000 YA in the Zagros (Ganj Dareh, Iran), more than 800 km toward the east, indicates a second and probably independent place for domestication of goats (5). The appearance of domestic goats (together with sheep, pigs, and cattle) Ϸ9,000 YA in the Indus Basin (Mehrgarh, Eastern Baluchistan) suggests a possible third independent local domestication (6). Finally, the questions concerning local domestication of goats Ϸ9,000-10,000 YA in the Southern Levant (21) and central Anatolia (3) are still under debate (Table 1) .
In light of the above evidence from both archaeology and molecular genetics of livestock, the most parsimonious interpretation of our data is that goats have multiple maternal origins, possibly arising through multiple independent domestications. However, it is still possible that the multiple maternal lineages in goats (and all livestock species) originated via introgression, and not through separate domestication events. Introgression is possible because all domestic livestock species (goats, cattle, sheep, and pigs) can interbreed with wild related species (9, 11, 12, (22) (23) (24) . It is worth noting that mtDNA is less sensitive to introgression from wild species than is nuclear DNA because mtDNA in transmitted only from females. Thus, mtDNA is more useful for studying domestication because it would detect only introgression from females, which is less likely than introgressions from wild males (24) .
Population Expansions. Mismatch distribution analysis revealed a genetic signature of a population expansion with a different expansion date for each of the three goat mtDNA lineages (Fig.  3) . Analyses of mismatch distributions (i.e., distributions of all pairwise sequence differences), by using mtDNA control region sequences, have often been used to detect and date historical human population expansions (13, 14, (25) (26) (27) . For goats, the bell-shaped mismatch distributions and the star-shaped phylogenies (Figs. 1 and 3 ) are consistent with a demographic population expansion, such as would be expected following the origin of each lineage from a limited number of founder individuals (25) (26) (27) .
We can speculate about the approximate relative dates of expansion of each goat lineage by comparing the amount of sequence variation within each lineage and by assuming a similar (limited) amount of mtDNA diversity within each founder lineage. The data suggest that the lineage C. hircus A underwent a relatively ancient population expansion, whereas the other two lineages (B and C) experienced a relatively recent expansion. The diversity within the large lineage C. hircus A (Ϸ10.9 pairwise differences, on average) is far higher than the diversity within each of the two smaller lineages (Ϸ2.3-5.6 differences; Fig. 3 ). The smaller lineages are widespread geographically (e.g., C. hircus B is found from Mongolia to Pakistan and Malaysia; see below) probably because of a relatively recent spread of these mtDNA lineages. If the two smaller lineages had originated and spread 8,000-10,000 YA, shortly after the estimated date of the initial domestication (1-5), we would expect more divergent lineages to have evolved, as in the larger cluster of mtDNAs (C. hircus A). The relative dating of the population expansions is informative because the expansion dates should roughly correspond to the time that each goat lineage began to become numerous and thus to become important in historical human societies and economies.
We can roughly estimate the relative dates of expansion of each lineage by using the parameters of a stepwise population expansion (estimated from the mismatch distributions), and by taking into account heterogeneity of mutation rates following a gamma distribution with an estimated parameter ␣ ϭ 0.29 (26) . The expansion times expressed in mutation units ( ϭ 2ut, where u is the mutation rate for the 481 base pairs, and t is time in generations) are found to equal 10.8 (CI 90% ϭ 9.37 Ϫ 11.27) for C. hircus A, 2.3 (CI 90% ϭ 0.95 Ϫ 3.89) for C. hircus B, and 6.6 (CI 90% ϭ 3.67 Ϫ 8.94) for C. hircus C. Assuming that the large lineage (C. hircus A) corresponds to an initial domestication that occurred Ϸ10,000 YA, we find dates of Ϸ2,130 and Ϸ6,110 YA, respectively, for the expansions of C. hircus B and C. We can estimate a minimum and maximum value for these latter two dates based on the 90% confidence intervals for the expansion dates of C. hircus B and C expressed in mutational units. These minimal and maximal dates are 841-4,151 YA for C. hircus B, and 3,253-9,536 YA for C. hircus C. These time ranges do not overlap with the primary expansion time (10,000 YA) and thus provide some support for the hypothesis that both C. hircus B and C represent secondary expansions after the initial relatively ancient expansion (C. hircus C). This analysis employs relative dates and thus does not depend on the accuracy of the estimated absolute date of the initial domestication (i.e., Ϸ10,000 YA).
Population Structure. Geographic structuring was surprisingly weak among goat populations, as revealed by a phylogeographic analysis of the 406 control region sequences. For example, mtDNA types from the main lineage (C. hircus A) were found in all countries and breeds. The mtDNAs from C. hircus B were found across much of Asia, including Pakistan (three breeds), India (two breeds), Malaysia, and Mongolia. Representatives of C. hircus C were detected as far away as Slovenia, Switzerland, and Mongolia ( Fig. 2 and Table 3 , which is published as supplemental data). Closely related mtDNA types (differing by 1-4 substitutions) were found in distant locations-e.g., Denmark and Portugal, Mongolia and Ukraine, and Algeria and Turkey. Furthermore, highly divergent mtDNA types (differing by Ͼ18 substitutions) were found within breeds and geographic regions. We quantified the degree of structuring by computing the components of mtDNA variation (within breeds vs. between breeds vs. between continental groups of breeds) under the hierarchical AMOVA framework (18) . This computation revealed that a large percentage (78.72%) of the total mtDNA variation in C. hircus is distributed within breeds. A smaller but significant percentage exists among continental groups (10.58%; P Ͻ 0.001) and among breeds (10.70%; P Ͻ 0.001) ( Table 2) . Interestingly, the degree of geographic structuring of goat mtDNA variation is far weaker than that in cattle. For example, intercontinental subdivisions account for Ϸ84% of the total mtDNA variation in cattle (10), compared with only Ϸ10% in goats ( Table 2 ). If we exclude Asia (where a second subspecies of wild cattle might have been domesticated), the intercontinental subdivision still accounts for Ͼ50% of the mtDNA variation in cattle. The weaker genetic structure in goats probably results from more intercontinental transportation of goats than of cattle. This is consistent with the fact that goats are more portable and represent a smaller currency unit than cattle (8) . Sheep and pigs, like cattle, apparently also exhibit substantial phylogenetic structuring, although the DNA data are less extensive (11, 12) , and further research is needed.
It is unlikely that the limited structure among goat populations (relative to cattle) results from the very recent transport of goats between continents for three reasons. First, we sampled from remote geographic locations and not from areas where goats might have been shipped recently (e.g., large cities and coastal harbors). We also sampled only native breeds and excluded recently ''improved'' breeds such as the South African Boer. Second, goats are now less economically important than cattle, sheep, and pigs and thus have been transported less in recent times during which modern transport has made more feasible the long-distance shipping of livestock (especially of large-bodied cattle that are less hardy than goats). Finally, the gametes of goats have been transported less in recent times because artificial insemination and embryo transplant technology is less developed and is seldom conducted in goats compared with other livestock. These arguments suggest that if recent transport has reduced the structuring of livestock populations, it should have weakened the structuring more in cattle than goats. Nonetheless, goats have far weaker population structure than cattle.
The lack of strong phylogeographic structure (i.e., the high gene flow) in goats has intriguing implications for the history of human population movements and commerce. The weak structuring among goat populations suggests that goats have often been transported for commercial trade or during migratory and exploratory movements of humans. For example, goats were carried along on ships and occasionally released onto oceanic islands and distant continents to provide fresh sources of milk and meat (2) . It is reasonable that goats have been transported more often and more successfully that other livestock because ''goats are perhaps the most versatile of all ruminants in their feeding habits, a factor that has greatly affected their success as a domestic animal'' and because goats ''are also extremely hardy and will thrive and breed on the minimum of food and under extremes of temperature and humidity'' (ref. 8, p. 75) .
In summary, multiple maternal origins appear to be a general phenomenon among domestic livestock species. Diverse origins and repeated gene flow from wild stock have probably facilitated the development of the widely different and highly productive breeds we have today. Unfortunately, the mounting extinction rates among wild taxa and domestic breeds are severely diminishing the genetic diversity on which future breed improvement might depend. The finding of a divergent mtDNA lineage in Asia for all four major livestock species is consistent with a center of origin in Asia, in addition to the center in the Fertile Crescent (1) (2) (3) (4) (5) . Compared with cattle, goats appear to have experienced far more extensive intercontinental gene flow. This is consistent with the robustness, adaptability, and relative ease of transport of goats (especially in historical times). It also suggests that goats might have played an important role in historical human colonizations, migrations, and commerce. Note the relatively low percentage of variation among continental groups for goats relative to cattle. The continental groups in Goats (ii) and (iii) were chosen for comparison with published AMOVA values from cattle having the same geographic population groupings; these consist of Europe, Africa, and Asia and Europe and Africa, respectively. NR, not reported (10) .
